Abstract: The 3R2T (three rotational and two independent translational degree of freedom (DoF)) symmetrical parallel manipulator may be adopted in bionics, for example, simulating the motion of a cervical spine based on their mobility property and performance close to isotropic limit. However, up to now, characteristics of this class of manipulators have not been well studied because of its short history. Hence, to study the feasibility of this class of manipulator for bionics, kinematics for 3-RCRR is analysed including position, singularity, velocity, and acceleration. Different from other 3R2T 5-DoF symmetrical parallel manipulators, the mobility of 3-RCRR is partially decoupled, which makes the realization of control system easier than in others.
INTRODUCTION
In recent 20 years, parallel manipulators have been one of the hot topics in manipulator field. Although having merits of high speed, precision, rigidity, and load carrying capacity, theoretically [1] , few parallel manipulators have shown satisfactory performance when compared with serial manipulators. Hence, the characteristics of parallel manipulators still need further study, especially along with the emergence of novel parallel mechanisms.
According to the number of degrees of freedom (DoFs) they possess, parallel manipulators can be classified into three classes: lower-mobility parallel manipulators, which have less than six DoF; six-DoF parallel mechanisms; and redundant parallel manipulators. Among the lower-mobility parallel manipulators, five-DoF symmetrical parallel manipulators have shorter history and their characteristics, consequently, have not been well studied [2] .
With respect to the property of mobility, there are two classes of five-DoF parallel manipulators: (a) 3R2T, three rotational and two independent translational DoF parallel manipulators and (b) 3T2R, three translational and two independent rotational DoF parallel manipulators. At present, most five-DoF parallel manipulators with symmetrical structure belong to the 3R2T type [2 -5] . In 2004, Li et al. [4] proposed 30 such parallel manipulators with constraint type-synthesis method. Kong and Gosselin [5] summarized 16 possible limb types for them. Based on their work, Zhu and Huang [6] found and invented 18 symmetrical five-DoF 3R2T parallel mechanisms, which may be adopted in industrial production.
In authors' opinion, the 3R2T type five-DoF parallel manipulators could be applied in bionics. For example, such a mechanism can be used to simulate the motion of a spine. The translation of one end relative to another, along the axis of spine, is very small and consequently can be ignored. Thus, one end of the spine has three rotational and two translation freedoms (3R2T) relative to another. Note that the spine is a serial manipulator that theoretically has isotropic performance. However, it is hard for a parallel manipulator to achieve isotropic performance for its closed-loop structure. To reduce the blight brought by the lack, symmetrical structure or even a symmetrical actuating mode is adopted in the manipulator design stage to achieve a performance that is close to isotropic.
Moreover, a parallel manipulator is considered to have decoupled-motion structure if some of its primary motions are driven always by certain active joints. A parallel manipulator with decoupled structure implies that it should have simple kinematics so as to facilitate its analysis, design, and motion control [7] .
There are about 70 3R2T five-DoF parallel manipulators with symmetrical structure [2 -6] . Limited by its length, only one of them, 3-RCRR, is analysed in this article to study the kinematic characteristics of symmetrical structure 3R2T parallel mechanisms. The kinematics analysis includes position analysis, singularity configuration, velocity, and acceleration analysis. Mobility of the mechanism is recalled briefly first. Second, forward/reverse position equations are achieved through geometry equations. Third, the singularity analysis is performed using screw theory. With the virtual mechanism method and kinematic influence coefficient method, forward/reverse velocity, and acceleration equations are derived. Finally, a numerical example is presented.
MOBILITY DESCRIPTION
As shown in Fig. 1(a) , the base and mobile equilateral triangle platforms are connected by three identical limbs, each with three revolute joints (R) and one cylindrical pair (C). Every limb can also be represented with five single-DoF kinematic pairs as R 1 (P 2 R 3 )R 4 R 5 , depicted in Fig. 1(b) , for that a cylindrical pair can be regarded as one revolute joint and a coaxial prismatic pair. The axis of R 1 is perpendicular to the base. Axes of all other kinematic pairs intersect at a point O r , called the rotation centre. P A is the intersection of axes R 1 and cylindrical pair; P B , P C , P D shown in Fig. 1 are the points located on the axes of R 3 , R 4 , R 5 and the sphere surface of the spherical parallel manipulator, respectively.
Let the origin O of the fixed coordinate frame O-xyz located at the centre of the base equilateral triangle, z-axis be perpendicular to the base; x-axis be parallel to the side of base triangle which links the second and third chains. The local coordinates frame for each limb O i 3 . By screw theory [8] , the constraint-wrench system, which is revealed by reciprocal screws for the screw system in equation (1) , iŝ
The reciprocal screw $ i in equation (2) denotes a constraint force acting on the mobile platform along z i -axis, namely, z-axis. Similarly, the constraint wrenches of the other two limbs are the same. Then, constraint wrenches from three limbs form a common constraint force, which constrains the translation along z-axis. Therefore, the mobile platform has two independent translational freedoms and three rotational freedoms.
The mobility of mechanism 3-RCRR can also be verified by the modified Kutzbach -Grü bler criterion [9] 
where M denotes the number of DoF for the mechanism; d ¼ 6 2 l, l denotes the number of common constraints; n, the number of links; g, the number of kinematic pairs; f i , the freedoms of the ith kinematic pair; v, the number of redundant constraints, which appears only for the parallel mechanism; and 6, the local freedom, which is defined as the freedom not affecting the whole mechanism. For the mechanism 3-RCRR,
For a parallel manipulator, if the joints fixed on the base are chosen as actuators, the mass of motors will be taken by the base and the manipulator could achieve higher load capacity and better dynamic performance. Hence, the more actuators are close to the base platform, the better dynamic performance the manipulator has. Therefore, R 1 in the first and second limbs and three R 3 are chosen as the actuators for 3-RCRR in the current study.
It should be noted that a passive prismatic pair is usually not favoured by a manipulator designer because of its bad static and dynamic performance. To overcome these disadvantages, 3-RCRR may adopt another actuating mode in practical production, i.e. two of three prismatic pairs are adopted as actuators instead of R 1 of two limbs with three R 3 . The remaining prismatic pair is taken as a redundant actuator. Such symmetrical actuators will not only eliminate passive prismatic pairs, but also improve control accuracy.
POSITION ANALYSIS

Forward position solution
Position of the O r
As shown in Fig. 2(a) , the position of rotation centre O r is determined by the following equation
where g j i are depicted in Fig. 2 (a); t (Á) denote the tan( . ).
where R bp is the radius for the circumcircle of the base triangle; c (Á) and s (Á) denote cos( . ) and sin( . ), respectively. Then, the position of the rotation centre is given by
Orientation of the mobile platform
From Fig. 2(b) , the following equation can be written down
where R s denotes the sphere radius of the spherical three-DoF parallel manipulator 3-R 3 R 4 R 5 ; jP A i O r j denotes the distance between P A i and O r . Spherical quadrangle [10] is adopted here to study the spherical mechanism. In spherical analytic theory, u l i and a mn are the lth exterior angle of spherical quadrangle in the ith limb and link angle, respectively, as depicted in Fig. 3 (11) to (13) into equation (14) will lead to three nonlinear algebraic equations in three unknowns u 3 i (i ¼ 1, 2, 3). Replace unknowns by x i , respectively, because of space limitation
where A l , B l , C l (l ¼ 1, 2, . . . , 9) denotes the coefficients, which are functions of design parameters of the manipulator and input angles. The equation system in equation (15) will lead to up to eight solutions, as mentioned by Gosselin [11] . Detailed expressions of the coefficients are cumbersome and not given in this article. Note that, due to the position and orientation analysis, the position of the movable platform is determined only by g 1 1 and g 2 1 , namely, the input angles of R 1 in the first and second limbs, while the orientation of the mechanism is determined by all five input angles considering that three S Therefore, the translational degrees of freedom are not affected by rotational degrees of freedom, but the rotational degrees of freedom are affected by the translational ones. Namely, the mobility of 3-RCRR is partially decoupled. 
Reverse position solution
The other actuator angles u 2 i , i ¼ 1, 2, 3, can be achieved by the following equation system
where 
Substitute following trigonometric functions into the foregoing equations
where x ¼ tan(u 2 i /2). After rearranging, this leads to the analytic solution of the u 2 i .
From equation (21), u 2 i is a function of u 3 i . Two solutions for u 2 i can be achieved from equation (18). Therefore, there are 2 3 ¼ 8 analytic solutions in reverse position solution.
SINGULARITY ANALYSIS
According to the definition by Fang and Tsai [3] , there are three types of singularity configuration for a lower-mobility parallel manipulator.
Limb singularity
This type of singularity is similar to the singularity of a serial manipulator. The main cause of limb singularity is due to linear dependence of joint screws. In each limb of 3-RCRR, there are five joint screws shown in equation (1) . The only condition for the linear dependence of joint screws is equivalent to the statement that $ Under such a configuration, a translation DoF of the end for the limb is constrained. The axis is located in the plane determined by the three screws and intersects with the axis of R 1 and is perpendicular to the axis of R 3 .
Platform singularity
The main reason for platform singularity is due to the linear dependence of the constraint wrenches in the platform wrench system. Since the 3-RCRR has only one constraint wrench, the platform singularity is unlikely to occur.
Actuation singularity
This singularity refers the case that the mobile platform has one or more uncontrollable DoFs after locking all actuators. In other words, the rank of wrench system of mobile platform is less than six after locking all actuators. For the mechanism 3-RCRR, the screw sys- 
As $ r1 1 , $ r1 2 , $ r1 3 are the same, the platform effective constraint wrench iŝ 
where
$ r2 3 is in the plane determined by $ 4 3 and $ 5 3 and intersects with $ 1 3 at point r. Moreover, S r2 3 Â S 2 3 ¼ 0. From equation (25), there are two possible cases for the actuation singularity.
S r2
1 is parallel to S r2 2 . In fact, there is only one possibility, which is that the axes of S 2 1 and S 2 2 are the same.
S r3
1 is parallel to S r3 2 , that is, the plane determined by S Under both cases, one or more DoF of the mobile platform will be uncontrollable.
VELOCITY AND ACCELERATION ANALYSIS
Virtual mechanism method
The virtual mechanism principle (VMP) is adopted here for velocity and acceleration analysis. The key idea of the VMP [12] is to convert the original lower-mobility parallel manipulator into a six-DoF virtual parallel manipulator by adding several virtual kinematic joints to the original manipulator. The rates of overall virtual kinematic pairs are restricted to be zero to guarantee kinematic equivalence of the original manipulator and the virtual six-DoF one. Since one RCRR limb has five DoF and its end cannot translate along the z-axis, one virtual prismatic pair whose axis is parallel to the z-axis is added to every limb of the 3-RCRR to convert it into a virtual 6-DoF one. Then, one limb of the virtual manipulator can be represented as P v R 1 (P 2 R 3 )R 4 R 5 , depicted in Fig. 4 .
In fact, the rates of the three virtual prismatic pairs of such a virtual manipulator are dependent. It is necessary for only one is to be zero to make the rates of the three virtual prismatic pairs zero. Therefore, only one prismatic pair is chosen as the actuated joint of the virtual manipulator with originally five actuated joints. Now the kinematics influence coefficient method is available for velocity and acceleration analysis of the virtual six-DoF mechanism 3-P v RCRR [13] [14] [15] .
Forward -reverse velocity analysis
For one limb of the 3-P v RCRR, the forward velocity equation is [13 -15] 
where denote the Jacobian and the velocity vector for the ith limb, respectively''
where L V i denotes the velocity of the actuated virtual prismatic joint; L 2 i the linear velocity of the prismatic pair P 2 in the ith limb; ẇ j i the angular velocity of the jth revolute pair in the ith limb, where
If J i is not singular, the reverse velocity equation for the ith limb is
As mentioned in section 4.1, the generalized input velocity vector for the virtual parallel manipulator 3-P v RCRR parallel manipulator iṡ 
where L V i denotes linear acceleration of the virtual prismatic pair; L 2 i the linear acceleration of the prismatic pair P 2 in the ith limb, respectively; ẅ j i denotes the angular velocity of the jth revolute pair in the ith limb.
The reverse form of equation (35) is
Similar with equation (31), the generalized input acceleration vector for the virtual parallel manipula-
Then, the reverse acceleration equation for the virtual parallel manipulator is 
The motion trajectory of mobile platform is depicted in Fig. 5 . Figures 6 and 7 show the kinematic atlases including the angular and linear velocity and acceleration motions, respectively. Note that the norm vector of the movable platform could direct to any point, which is distributed on a unit sphere if the manipulator has full ability for orientation. Figure 8 shows the feasible surface of such a sphere along which the norm vector of the movable platform could point when the movable platform is at different positions, namely [0, 0, 0] for Fig. 8(a) for Fig. 8(b) . The difference also testifies that the translational mobility influences the rotational mobility.
CONCLUSIONS
One of the 3R2T 5-DoF parallel manipulators with a symmetrical structure, 3-RCRR, is analysed in this study, which includes position, singularity, velocity, and acceleration. In a manner different from about 70 other 3R2T 5-DoF parallel manipulators, the partially decoupled mobility of the manipulator is analysed as the unique feature and tested using a numerical example. Moreover, both actuating modes for lower extra-load of motors and symmetrical actuating are proposed for practical production.Then, as a study of the application of this class of manipulators to bionics, a numerical example of 3-RCRR is given for simulating the motion of an approximate micro-model of the human cervical spine.
